The shielding properties of two different lead-free materials-tin and a compound of 80% tin and 20% bismuth-for protective clothing are compared with those of lead for three typical x-ray spectra generated at tube voltages of 60, 75, and 120 kV. Three different quantities were used to compare the shielding capability of the different materials: ͑1͒ Air-kerma attenuation factors in narrow-beam geometry, ͑2͒ air-kerma attenuation factors in broad-beam geometry, and ͑3͒ ratios of organ and effective doses in the human body for a whole-body irradiation with a parallel beam directed frontally at the body. The thicknesses of tin ͑0.45 mm͒ and the tin/bismuth compound ͑0.41 mm͒ to be compared against lead correspond to a lead equivalence value of 0.35 mm for the 75 kV spectrum. The narrow-beam attenuation factors for 0.45 mm tin are 54% and 32% lower than those for 0.35 mm lead for 60 and 120 kV; those for 0.41 mm tin/bismuth are 12% and 32% lower, respectively. The decrease of the broad-beam air-kerma attenuation factors compared to lead is 74%, 46%, and 41% for tin and 42%, 26%, and 33% for tin/bismuth and the spectra at 60, 75, and 120 kV, respectively. Therefore, it is recommended that the characterization of the shielding potential of a material should be done by measurements in broad-beam geometry. Since the secondary radiation that is mainly responsible for the shielding reduction in broad-beam geometry is of low penetrability, only more superficially located organs receive significantly enhanced doses. The increase for the dose to the glandular breast tissue ͑female͒ compared to being shielded by lead is 143%, 37%, and 45% when shielded by tin, and 35%, 15%, and 39% when shielded by tin/bismuth for 60, 75, and 120 kV, respectively. The effective dose rises by 60%, 6%, and 38% for tin, and 14%, 3% and, 35% for tin/bismuth shielding, respectively.
I. INTRODUCTION
For many years, the protective clothing used in medical x-ray diagnostic departments was made of lead. Since there were often objections to the heaviness of the lead clothes, alternative shielding materials that are lighter have been sought.
1,2 Of course, these less heavy materials have attenuation properties that differ from those of lead. A comparability of these materials with lead concerning their ability to shield from x rays has, therefore, to be established.
Numerous lead-free protective aprons have been introduced that were classified using the lead equivalence value and thus conform to the relevant international standard. 3 These measurements of the lead equivalence value are performed in a well-defined narrow-beam geometry. Such a measurement setup, however, has the property that only the attenuated primary radiation is measured. Secondary radiation that is generated by photon interactions inside the shielding material can leave the apron at angles different from those of the primary radiation. Therefore this secondary radiation is missed by the small detector at great distance from the absorber material that is typical for this measurement setup. Hence, the international standard regulating the assessment of the attenuation equivalent 4 makes use of the quantity "build-up factor" that includes the contribution from secondary radiation. This standard demands that for materials with a high spectral contribution of secondary radiation ͑and thus a high build-up factor͒, the measurement protocol for broad-beam geometry has to be used, a requirement that is unfortunately not addressed in the standard regulating the classification of protective clothing. This is particularly critical for protective garments consisting of materials with medium atomic numbers, as in these materials considerable fluorescence ͑K͒ radiation might be excited at typical diagnostic x-ray energies of 30-80 keV. In lead, no fluorescence radiation is excited below about 80 keV.
A variety of authors [5] [6] [7] [8] [9] [10] [11] have measured the attenuation of lightweight ͑lead-free or lead-composite͒ aprons and found in many cases, that the protection is less than what is expected from the declared lead equivalence values. Since many of these authors employed a broad-beam configuration for their measurements, a higher transmission through the lightweight aprons compared with the lead aprons is not unexpected due to the previous mentioned reasons. Nevertheless, a few authors 6, 11 did not detect a decreased attenuation for the lightweight aprons. However, they either investigated only lead-composite, and not lead-free aprons, 6 so that only little fluorescence occurs, or followed the IEC standard 3 and employed a narrow-beam geometry for the measurements. 11 Interestingly, only Eder et al. 9 noticed that fluorescence radiation of the lead-free shielding materials is the main source for their reduced shielding capability, such that in a broad-beam geometry the attenuation was considerably lower than indicated by the lead equivalence value and was outside the tolerance values of that quantity 3 in several cases. Therefore, they demand that the shielding capability of protective clothing should be classified by measuring attenuation factors related to broad-beam geometry instead of lead equivalence values, since the broad-beam geometry represents the practical situation more realistically. It is worth mentioning that Webster noted already in 1966 the potential problem of medium-Z materials for radiation-protection purposes, as the "photoelectric absorption in these elements produces characteristic x rays at energies for which these materials are relatively transparent".
1 This issue he stressed again 1991 ͑Ref. 12͒ in a response to the investigation by Yaffe et al. 2 but it was apparently not recognized widely in the community.
Since a large proportion of the secondary radiation generated inside the shielding materials has low energy and hence low penetrability in the human body, the aim of the present study is to investigate the relevance of these findings for organ doses in the human body. It can be assumed that only more superficially located organs are affected, but the degree of dose enhancement should be quantified, and the consequences for the effective dose, the quantity to be limited in occupational radiological protection, should be investigated.
II. MATERIALS AND METHODS
Many lead-free protective aprons in use consist of tin or antimony or contain a substantial amount of these materials. Antimony has properties similar to tin and is therefore not explicitly examined in this study. Hence, the shielding materials that were to be compared with lead ͑mass density = 11.35 g cm −3 ͒ regarding their suitability to protect against diagnostic medical x rays, were tin ͑ = 7.31 g cm −3 ͒ and a compound from tin and bismuth ͑80% and 20% by mass, respectively, = 7.70 g cm −3 ͒. The thickness of lead against which the comparison was made, was 0.35 mm.
Three primary x-ray spectra were chosen for the study, covering tube voltages from 60 to 120 kV. The spectra were generated by a software tool, 13 and their main characteristics are listed in Table I . The applied filtrations conform with the requirements of IEC 61 331-1, 4 which we assume have been chosen such that the resulting spectra have characteristics similar to the radiation scattered by the patient. Thus, the usage of these spectra for determining the dose conversion coefficients for medical staff is justified. Note, that the applied pure Cu filtration leads to a rather strong K ␣ emission line of Cu at about 8 keV ͑see Fig. 2 below͒, which is below the detection threshold of conventional air-kerma detectors, and is certainly not able to penetrate the shielding material. To obtain attenuation factors from the simulations that are comparable with measurements, all photons with energies below 20 keV are therefore excluded from the evaluation of the air kerma before and after the shielding material, but their paths are still pursued.
The lead equivalence value of a given layer of the absorbing material under consideration is the thickness of lead ͑given in millimeters͒ that would result in the same reduction of air kerma in a well-defined narrow-beam configuration. The measurement geometry involves a beam of 2 cm diameter at the test material, and the point where the air kerma is measured is 115 cm away from the layer of absorbing material to be examined. At that point the air kerma ͑and thus the resulting lead equivalence value͒ is solely determined by the mass attenuation coefficient of the material because only primary radiation is recorded. Secondary radiation, created by photon interactions in the absorbing material, leaves the absorber predominantly at angles different from that of the primary radiation and thus cannot be detected by this measurement setup.
II.A. Evaluation of absorber thickness "narrow-beam geometry…
In the first part of this study, Monte Carlo calculations were performed to find out the appropriate thicknesses of the materials under consideration ͑tin and tin/bismuth compound, respectively͒ that correspond to a lead equivalence value of 0.35 mm. Since the lead equivalence value is energy dependent, one of the spectra had to be selected for this substudy, and the spectrum at tube voltage 75 kV was chosen, since this is a typical value for numerous radiationintensive diagnostic techniques, e.g., angiography. The simulation was performed using the Monte Carlo radiationtransport program package EGSnrc.
14 The geometry was the following: A round absorber plate with a diameter of 4 cm was set up at a distance of 40 cm from the point source. The air kerma was scored in a volume of approximately 30 cm 3 that was centered at a distance of 115 cm from the absorber plate. The beam was square shaped with a side length of 10 cm at the position of the air-kerma measurement. The narrow-beam air-kerma attenuation factor was evaluated for 0.35 mm of lead; that means the ratio of the primary air kerma to the air kerma at the measurement point behind the lead absorber was calculated for the narrow-beam geometry described above. Then the lead absorber was replaced by the tin or tin/bismuth, respectively, and the Monte Carlo calculations were repeated with varying material thickness, until that thickness was found for which the air-kerma attenuation factor was approximately the same as that for 0.35 mm lead. Subsequently, the same tin and tin/bismuth thicknesses were used for the spectra with 60 and 120 kV tube voltages to evaluate the respective attenuated spectra in narrow-beam geometry and air-kerma attenuation factors. The paths of 30 million initial photons and resulting secondary particles were pursued in each of the individual Monte Carlo simulations described.
II.B. Calculation of attenuation factors and attenuated spectra in broad-beam geometry
In practical situations a broad-beam geometry is much more realistic. There, a substantially larger absorber is completely irradiated, and is moved closer to the measuring airkerma detector. Thus, secondary radiation leaving the absorber from various positions contributes to the detector signal behind the plate. The usage of the primary photon flux is, however, very inefficient, as from each absorber position only a small portion of the scatter radiation impinges on the detector. Moreover, a larger amount of absorber material is demanded than in the narrow-beam geometry.
An alternative to the broad-beam geometry with its small detector has been established by the Physikalisch-Technische Bundesanstalt ͑PTB, the German national primary standard metrology institute͒: The "inverse" broad-beam geometry. It is characterized by a narrow beam and a large detector as illustrated in Fig. 1 . In this configuration, the scatter radiation emerges only from a small region but can be almost completely detected. It has been verified by the PTB ͑Ref. 15͒ that the same results as for the standard broad-beam geometry are obtained. This can be made plausible, when treating each point of the absorber plate, which faces the detector, as a new ͑secondary͒ source point with the same emission properties. The radiation reciprocity principle 16 then states that the radiation from an extended region impinging on a pointlike target region is proportional to the case, when source and target regions are swapped. The proportionality of both geometries is also maintained to a high degree in the real system, as the broad beam is quasi-parallel, thus yielding secondary source points with practically identical emission spectra in a large region. The same spectrum is also emitted in the inverse geometry by the absorber in a small region. Hence, the reciprocity principle is applicable, and therefore the same results are obtained with the inverse as with the standard broad-beam geometry. It is worth noticing that in a draft for new German regulations for lead-free or leadreduced protective garment, 17 the inverse broad-beam geometry is to be employed in the attenuation measurements.
Nevertheless, the absorber still has to be large enough in diameter to avoid scattered photons emerging from its edges to hit the detector. Compared to the narrow-beam geometry, the inverse broad-beam configuration is thus characterized by a larger detector, a smaller absorber-detector distance and a possibly somewhat larger probe size.
The inverse broad-beam geometry is to be preferred to the broad-beam setup also in the simulations. The better exploitation of the primary photons implies that fewer photon histories are required to achieve an acceptable statistical significance in the detector. In the present computations the absorber plate was set up at a distance of 100 cm from the point source, the plate was circular with a diameter of 25 cm, and the air kerma was scored in a volume of 20 cm height at a distance of 0.2 cm from the absorber plate. The beam diameter was 5 cm at the absorber plate. The same absorber materials and thicknesses as for the narrow-beam geometry were investigated.
As described above for the narrow-beam configuration, air-kerma attenuation factors ͑i.e., the air kerma in the scoring volume in absence of the absorber plate, divided by the air kerma in the same volume behind the absorber plate͒ and the attenuated photon spectra were calculated using the same Monte Carlo code. By using the inverse geometry, acceptable statistical uncertainties could be achieved by following 10 million photon histories per individual simulation.
II.C. Calculation of organ and effective dose conversion coefficients
The spectra collected in the scoring volume in the inverse broad-beam geometry were then used to calculate organ dose conversion coefficients as organ equivalent doses per air kerma free in air. ͑It should be noted that for these calculations, the air kerma free in air is evaluated for the spectrum used for the calculation in the body, even if this means an attenuated spectrum. The term "free in air" in this context refers to the absence of the body phantom, not to the absence of an absorber attenuating the primary beam.͒ The irradiation geometry chosen was a whole body irradiation with a parallel beam directed at the body in anteriorposterior ͑AP͒ geometry. This is the geometry where the or- gan dose conversion coefficients are highest for most organs and photon energies 18 and which thus presents the "worst case" of a photon exposure.
The body phantoms used for these calculations were the voxel models Rex and Regina 19 that were recently developed at the GSF and that represent the male and female adult ICRP Reference persons whose body characteristics are described in ICRP Publication 89. 20 Rex consists of approximately 2 million voxels having a dimension of 2.137 ϫ 2.137ϫ 8.0 mm 3 and Regina has approximately 4 million voxels of dimension 1.775ϫ 1.775ϫ 4.84 mm 3 . These voxel models contain all organs and tissues that have been considered recently as relevant for evaluating the risk-weighted dose quantity effective dose. 21 Exceptions are the red bone marrow and the bone surfaces, the structures of which are too small to be resolved in the voxel models. Rex and Regina are being adopted by the ICRP as computational models that will be used in the forthcoming update of the ICRP reference organ dose conversion coefficients. Twenty nine different elemental tissue compositions 18 were considered in each of the phantoms.
The Monte Carlo calculations in the voxel phantoms were also performed with EGSnrc. 14 The energy depositions in each organ were summed and finally divided by the organ mass to give mean organ absorbed doses. Since the exact structure of bone cannot be represented at the given voxel sizes, the doses to red bone marrow and bone surfaces had to be approximated. The energy deposited in the red bone marrow was evaluated from that in the spongiosa regions by applying correction factors as described elsewhere. 22 The absorbed dose to the bone surfaces was substituted by that to spongiosa. The spongiosa regions are represented by bonespecific mixtures of mineral bone and red ͑active͒ as well as yellow ͑inactive͒ bone marrow. 19 The absorbed doses were then divided by the air kerma free in air that was also scored during the simulation by summing the energy-dependent ratios of air kerma per photon fluence for all starting photons and subsequent division by the total photon fluence.
The organ equivalent dose conversion coefficients ͑in units of Sv Gy −1 ͒ for photon irradiation are numerically equal to the organ absorbed dose conversion coefficients ͑in units of Gy Gy −1 ͒, since the radiation weighting factor for photons of all energies is unity. 21, 23 Two sets of conversion coefficients of effective dose per air kerma were then evaluated by applying two different sets of tissue weighting factors 21, 23 to the organ equivalent dose conversion coefficients ͑cf. 21 is the fact that the tissue weighting factor for the breast is higher in this version ͑0.12, compared with 0.05͒ than in the earlier one. 23 It is expected that the low-energy secondary photons generated in the lead-free absorbers increase the doses to the glandular breast tissue to a certain extent, due to its near-surface location. Thus, the effect of the secondary photons on the effective dose might be more pronounced when applying the new instead of the 1991 definition. For both definitions of effective dose, the tissue weighting factors ͑Table II͒ were applied to the arithmetic mean of the dose conversion coefficients for the male and female voxel phantom. The only exception is the breast, for which in the effective dose definition from ICRP Publication 60 ͑Ref. 23͒ only the conversion coefficient of the female glandular breast tissue was taken. The dose conversion coefficients for the so-called "remainder" were the arithmetic mean values of the male and female remainder dose conversion coefficients in both cases, and the gender-specific remainder doses were also evaluated as arithmetic mean of the dose conversion coefficients for the organs included in the remainder.
II.D. Ratios of organ dose conversion coefficients
The organ and effective dose conversion coefficients described so far are related only to the photon spectrum impinging on the body and do not permit a direct comparison of the shielding properties of the different absorber plates under consideration. Therefore, the conversion coefficients that were calculated for the attenuated spectra first have to be related back to the primary, unattenuated beam, and then the dose coefficients for the spectra behind the absorber materials tin and tin/bismuth can be compared to those behind lead in a second step.
To relate the spectrum-specific organ dose conversion coefficients back to the primary, unattenuated beam, they simply have to be multiplied by the air-kerma attenuation factors of the different absorber materials for the spectra considered, since these are exactly the factors by which the attenuated air-kerma values are smaller than those of the primary beam: 
where h T,a,p is the conversion coefficient that relates the organ equivalent dose behind the absorber plate a to the air kerma of the primary, unattenuated spectrum. H T,a is the organ equivalent dose in organ T behind the absorber plate a.
The air kerma free in air for the primary spectrum in front of the absorber plate is K p , while K a is the air kerma free in air for the spectrum behind the absorber plate a. The ratio of K p to K a defines F a , the air-kerma attenuation factor for absorber plate a and the spectrum considered. Finally, h T,a is the conversion coefficient that relates the organ equivalent dose behind the absorber plate a to the air kerma free in air of the spectrum behind the absorber plate a. Its value results from the Monte Carlo calculations described above, where photons with energy distributions equal to the attenuated spectra are irradiating the voxel phantoms. The air-kerma attenuation factors F a are those for the broad-beam geometry since this is the geometry relevant to practical exposure situations examined by this study. A direct comparison of the shielding properties of the absorber plate a in relation to that of the 0.35 mm thick lead plate for a specific primary spectrum can then be made by dividing the organ dose conversion coefficients h T,a,p for organ T and the absorber plate a by the corresponding ones for lead as the absorber.
III. RESULTS AND DISCUSSION

III.A. Attenuation factors in narrow-beam geometry
The narrow-beam air-kerma attenuation factor for 0.35 mm lead and the 75 kV spectrum was 36.0. For tin, the material thickness corresponding approximately to a lead equivalence value of 0.35 mm was 0.45 mm, and the respective attenuation factor in narrow-beam geometry was 36.7; the values for tin/bismuth were 0.41 mm thickness and an attenuation factor of 35.6, respectively. The narrow-beam attenuation factors for the three spectra and three materials are given in Table III together with the mean photon energies of the attenuated spectra. The statistical uncertainty was in all cases lower than 0.5%.
The slight difference of the tin narrow-beam air-kerma attenuation factor for the 75 kV spectrum ͑36.7͒ from those for tin/bismuth ͑35.6͒ is due to the strong dependence of this factor on the absorber thickness. For a tin thickness of 0.44 mm, the attenuation factor is 34.6. It can be seen from Table III that the lead equivalence value strongly depends on photon energy since otherwise the attenuation factors would be similar not only for 75 kV but also for the 60 and the 120 kV spectra, which is obviously not the case. The mean photon energy of all attenuated spectra is higher than that of the corresponding primary spectrum ͑Table I͒ due to a higher absorption of the lower photon energy contributions of the spectra.
III.B. Attenuation factors in broad-beam geometry
The air-kerma attenuation factors for the same absorber plates and spectra, but evaluated in ͑inverse͒ broad-beam geometry, are given in Table IV with a statistical uncertainty lower than 0.6%.
Obviously, the air-kerma attenuation factors are smaller in broad-beam than in narrow-beam geometry for all absorber materials and all spectra considered. This reduction is due to the secondary radiation generated in the absorbing material that is impinging on the larger detector in the inverse broadbeam geometry and is lost otherwise. The reduction is largest for tin and the 60 and 75 kV spectra, where the broad-beam attenuation factors are less than half of those in narrow-beam geometry. Furthermore, Table IV shows that the mean energy of all attenuated spectra is also lower in broad-beam geometry. Again, the difference is most pronounced for tin as attenuating material, where interestingly the mean energy of the 60 kV spectrum behind the absorber is close to that of the primary spectrum. This change in the mean photon energy is caused by a relatively large low-energy contribution in the spectra attenuated by tin, illustrated by Fig. 2 . The presented attenuated spectra show that the amount of primary radiation that reaches the detector is nearly the same for lead, tin, and the lead/bismuth compound, which is in agreement with the fact that the narrow-beam attenuation factors are rather similar. For tin and the 60 kV spectrum ͓Fig. 2͑b͔͒, a small peak of low-energy primary photons can also be observed in the attenuated spectrum. This peak is responsible for the relatively low mean photon energy of the attenuated spectrum even in the narrow-beam geometry ͑see Table III͒ . While the transmitted spectra have similar shapes for all three absorber materials for 60 and 75 kV ͑apart from the low-energy peaks for 60 kV in tin and tin/bismuth as well as for 75 kV in tin͒, they are quite different for the 120 kV spectrum. This is also reflected by the mean photon energy values of Table IV that are higher for 120 kV behind tin and tin/bismuth than behind lead, whereas they are lower for these two shielding materials for the other two radiation qualities.
In both tin and the tin/bismuth compound a relatively large peak of low-energy secondary photons is generated, that is mainly fluorescence radiation created by the K ␣ and K ␤ emission lines of tin at about 25 and 29 keV. This lowenergy spectral contribution is again most pronounced in the 60 kV spectrum attenuated by tin. In lead, the K ␣ and K ␤ emission lines are at energies of about 74 and 86 keV, such that fluorescence radiation is generated only in the 120 kV spectrum. Actually, two K ␣ lines at 73 and 75 keV and two K ␤ lines at 85 and 87 keV are visible in the spectrum behind lead. The splitting of the K ␣ line is caused by the fine structure of the L shell, while the K ␤ line splitting is a result of the energy difference between M and N shell in lead. In the spectrum generated in the tin/bismuth absorber in total six emission lines emerge, where the two at 25 and 29 keV are created by the tin portion in the mixture. The four lines at about 75, 77, 87, and 90 keV are created by bismuth, and correspond, similarly to lead, pairwise to its K ␣ and K ␤ emission.
III.C. Organ dose conversion coefficients
For the radiation-transport calculations in the male and female voxel phantoms, 5 million photon histories were simulated for each spectrum. The resulting statistical uncertainties are well below 1% for brain, colon, glandular breast tissue ͑female͒, heart, liver, lung, muscle, red bone marrow, skin, small intestine, and spongiosa ͑which was used as surrogate organ for the bone surfaces͒. For kidneys, lymphatic nodes, pancreas, salivary glands, spleen, stomach, testes, urinary bladder, and uterus, the statistical uncertainties are below 2%, and for extrathoracic airways, gall bladder, glandular breast tissue ͑male͒, oesophagus, oral mucosa, prostate, thymus, and thyroid, below 5%. Only for very small organs were the statistical uncertainties higher: For the ovaries up to 6%, for the adrenals up to 8%, and for the eye lenses up to 20%. The statistical uncertainties described are given in terms of the coefficient of variance; that means the estimated standard deviation, expressed as a percentage of the estimated value of the dose conversion coefficient.
The organ equivalent doses per air kerma free in air for a parallel AP whole body irradiation of the male phantom with the photon energy spectra attenuated by lead, tin, and tin/ FIG. 2. Photon fluence spectra behind 0.35 mm lead ͑left͒, 0.45 mm tin ͑middle͒, and 0.41 mm tin/bismuth ͑right͒, respectively. The tube voltages are 60 kV ͑top͒, 75 kV ͑middle͒, and 120 kV ͑bottom͒. Different colors mean contributions of the spectrum that are due to different physical effects. Beside the unscattered primary radiation, the largest contributions in the spectra attenuated by tin and tin/ bismuth are fluorescence radiation, whereas in the 60 and 75 kV spectra attenuated by lead, the main secondary particle contribution is from photons that underwent a Rayleigh scattering event; for the 120 kV spectrum attenuated by lead, fluorescence is also of importance.
bismuth are given in Table V, those for the female phantom  in Table VI . It should be noted again that here the air kerma cannot be considered free in air since these spectra result from attenuation by the absorber material. Nevertheless, to demonstrate the impact of the additional low energy photons in the spectra behind tin and tin/bismuth, the spectra are considered here as "primary" without any knowledge about their origin.
Generally, the organ dose conversion coefficients of Tables V and VI increase with rising tube voltage. The reason is that the photon energies considered in the present calculations are in the range where the organ dose conversion coefficients increase with photon energy, 18 that is up to approximately 80-100 keV. The proportions of the 120 kV spectra above this energy range are too small to compensate this effect. Furthermore, within each group of spectra, the conversion coefficients are highest for those attenuated by lead and lowest for those attenuated by tin. This is in agreement with the mean photon energies of the attenuated spectra of Table IV from where it can be seen that the spectra are generally hardened by the absorber materials, and that this beam hardening effect is highest for lead and lowest for tin.
A comparison of the data from Table V with those from  Table VI shows that the organ equivalent dose conversion coefficients are generally higher for the female phantom due to its smaller body size. The only exceptions are the breast glandular tissue, which is more superficial in the male phantom, and the lungs, which are better shielded by the female breast.
III.D. Organ dose conversion coefficient ratios
As already mentioned above, these organ equivalent dose conversion coefficients for the irradiation of the voxel models with the attenuated spectra do not permit a direct comparison of the shielding effectiveness of the different absorber materials. For this purpose, the conversion coefficients have to be related back to the actual primary beam by multiplying them by the air-kerma attenuation factors for the respective combination of absorber material and spectrum determined in the broad-beam geometry ͓Eq. ͑1͔͒. A direct comparison to the shielding by lead can then be established by evaluating ratios of these corrected conversion coefficients for tin and tin/bismuth and those for lead. Since TABLE V. Organ equivalent doses normalized to air kerma free in air of the attenuated spectra, for parallel AP whole body irradiation of the male phantom ͑Sv Gy −1 ͒. this division cancels out the normalization to ͑unattenuated͒ air kerma free in air, the resulting numbers are ratios of organ equivalent doses behind absorber plate a to those behind 0.35 mm lead. Values of these ratios that are above unity indicate a reduced capability of shielding compared to 0.35 mm lead, values below unity an improved shielding. From Table VII it can be seen that for both absorber plates-0.45 mm tin and 0.41 mm tin/bismuth-the shielding capability best agrees with that of 0.35 mm lead for the 75 kV spectrum, for which the lead equivalence value has been established.
For tin and 60 kV, the dose ratios are higher than unity for almost all organs. The highest values are for glandular breast tissue ͑average͒ and skin, where the doses behind tin are almost three times the values behind lead. For female glandular breast tissue, testes, and thyroid the doses behind tin are 143%, 99%, and 120% higher than behind lead, respectively. In view of the fact that the broad-beam air-kerma attenuation factor of tin is only less than half of that of lead for the 60 kV spectrum ͑see Table IV͒, these organ dose increases are not at all surprising. On the contrary, from the attenuation factor ratio even higher organ doses might be expected for shielding by tin. The reason for this comparably moderate increase of the organ doses is the fact that the spectrum behind tin has a relatively large contribution of fluorescence radiation with energies of only approximately 25 keV ͓see Fig. 2͑b͔͒ that cannot penetrate deeply into the body. Therefore, a distinctive dose increase can only be observed in organs that are located very superficially. The brain and the ovaries are shielded even better ͑by 11% and 16%, respectively͒ by tin than by lead. The reason is that the brain is surrounded by the skull and the ovaries are deep-lying organs; here only the high-energy spectral component, which is slightly lower than in the spectrum behind lead, comes into effect. The effective dose is higher by 60% or 69%, depending on the set of tissue weighting factors applied. The higher increase for the ICRP Draft Recommendations 21 is due to the enhanced weighting factor of the glandular breast tissue.
For tin and the 75 kV spectrum, the organ equivalent doses are between 15% lower and 46% higher than those for lead, the higher values occurring again in the superficial organs such as glandular breast tissue and skin. The effective doses are higher by 6% and 9%, respectively. For 120 kV, again all organ doses are higher for the tin-attenuated than for the lead-attenuated spectrum, the enhancement being between 29% ͑spongiosa͒ and 56% ͑glandular breast tissue͒. The increase of effective dose is 38% and 39%, respectively, which is in excellent agreement with the reduction of the broad-beam air-kerma attenuation factor by 41% seen in Table IV . The shielding effect of the tin/bismuth compound is closer to that of lead. For 60 kV, the organ doses are between 5% lower ͑ovaries͒ and 47% higher ͑glandular breast tissue͒ behind tin/bismuth than behind lead, and the effective dose is 14% and 17% higher, respectively. As for tin, these organ dose increases are lower than might be expected from the reduction of the air-kerma attenuation factor of 42%, compared with lead. This is again due to the relatively large low-energy component of the 60 kV spectrum behind tin/ bismuth ͓Fig. 2͑c͔͒ that cannot penetrate deep into the body. For 75 kV, shielding by tin/bismuth is between 4% more ͑brain͒ and 18% less ͑skin͒ effective than that by lead, with only 3% and 5% higher effective doses for tin/bismuth than for lead, depending on the sets of tissue weighting factors applied. For 120 kV, again all organ doses are higher when shielded by tin/bismuth instead of lead, with differences between 30% ͑spongiosa͒ and 42% ͑skin͒. The effective dose is increased by 35%, irrespective of the tissue weighting factors used, again in good agreement with the 33% reduction of the broad-beam air-kerma attenuation factor of this spectrum compared to that behind lead.
In general, the enhancement of the organ and effective doses is moderate except for 60 kV and shielding by tin. Protective clothes consisting of pure tin are offered though by few manufacturers only. Nevertheless, the reduced shielding effect of tin/bismuth compared to lead should not be neglected, especially in view of the low-energy photons that are responsible for the observed dose enhancement. If one considers a potentially enhanced relative biological effectiveness of these low-energy photons compared with higher photon energies as indicated, e.g., by Schmid et al., 24 a possibly increased risk for cancer induction cannot be fully excluded. Still, the annual equivalent dose of occupationally exposed personal is orders of magnitude smaller than the doses examined by Schmid et al. 24 Thus, it is not clear whether their findings are also applicable under these conditions involving very low doses.
III.E. Spatial distribution of dose conversion coefficients
As an attempt to visualize the different energy deposition patterns of the attenuated spectra-without averaging over TABLE VII. Organ dose conversion coefficients h T,a,p for organ T and the absorber plate a divided by those for the same organ and primary spectrum for lead as the absorber. These ratios allow a direct evaluation of the shielding properties of the absorber plate a compared to that of 0.35 mm lead. The values given are arithmetic mean values of those for the male and the female phantoms unless stated otherwise. whole organs-spatial dose distributions in a part of the body were evaluated. The simulations were also performed with EGSnrc ͑Ref. 14͒ as described above, but the energy depositions were not summed up per organ but per single voxel. Division by the individual voxel masses and by the ͑primary͒ air kerma free in air resulted in a spatial distribution of absorbed dose conversion coefficients on voxel basis. Only a part of Regina's body was irradiated with a parallel beam covering the total width of the body and 30 cm height to ensure approximately the same amount of scattered radiation in the center of this volume as from a whole-body irradiation. The number of photon histories that were simulated was 2 billion for each spectrum, and the dose distribution was evaluated in a volume of 14 cm height at the center of the irradiated volume, which itself was centered at the height of the breast. The spatial dose distributions in a selected slice of the female voxel phantom Regina for the 60 kV spectra shielded by tin, tin/bismuth and lead are shown in Fig. 3 . As expected, the doses decrease with increasing depth of the voxels in the body for all three spectra. Furthermore, the doses near the anterior surface of the body are higher for tin and tin/bismuth than for lead shielding. This difference is much more pronounced for shielding by tin only. The dose difference is largest ͑approximately 20 mGy Gy −1 ͒ in the frontal skin and decreases with depth in the body until it disappears at depths ranging from approximately 3 cm ͑at the site of the arm bones͒ to 10 cm ͑in the lungs͒, depending on the penetrability of the different body tissues for the low-energy fluorescence radiation. The dose enhancement for shielding by tin/ bismuth is only approximately 5 mGy Gy −1 at most and reaches less deep than that for shielding by tin.
IV. CONCLUSIONS
The shielding effectiveness of different materials used for protective clothes in diagnostic radiology-lead, tin, and a compound from 80% tin and 20% bismuth-was evaluated and compared. The thicknesses of tin and tin/bismuth absorbers were selected such that they had a lead equivalence value of 0.35 mm for a typical x-ray spectrum generated with 75 kV tube voltage. In agreement with previous findings, 2,5,7-11 it could be shown that the shielding efficiency of lead-free materials depends strongly on the x-ray spectrum considered, even for the narrow-beam geometry used for determining the lead equivalence value. Moreover, the efficiency deviates from that of lead for the 60 and 120 kV x-ray spectra considered in this study.
For broad-beam geometry, which much more realistically represents irradiations in occupational practice, the shielding capability of the lead-free materials is lower than that of lead also for the 75 kV x-ray spectrum, and the shielding deficiencies for the 60 and 120 kV spectra compared to lead are much more pronounced than in narrow-beam geometry. The reason is the secondary ͑mainly fluorescence͒ radiation generated in the shielding material that is able to leave the shielding material. The appearance of the considerable amount of fluorescence radiation is caused by the much lower energies of the K ␣ and K ␤ emission lines in tin compared with lead. Thus, tin emits a higher amount of lowenergy secondary photons than lead and these are not detected in the narrow-beam but recorded in the broad-beam configuration. From this it can be concluded that the measurement of the lead equivalence value that is performed in narrow-beam geometry in accordance with international standards 3 is not suitable for appropriately judging the shielding capability of materials, and therefore the lead equivalence value should not be used for this purpose. For a realistic assessment of the shielding properties of a material, the broad-beam geometry 4 is much more appropriate and should therefore be recommended.
The calculations of this study have shown furthermore that the organ equivalent doses are also higher for spectra attenuated by lead-free shielding materials. The highest organ doses compared with lead shielding were found for shielding of the 60 kV x-ray spectrum by tin, where the differences for superficial organs can amount almost up to a factor of 3. For 120 kV, tin as shielding material also yields organ doses that are up to 56% higher compared with lead. The compound from tin and bismuth is more efficient as shielding material than tin, but in most cases less efficient than lead. The maximum dose increases compared to lead shielding are 47%, 18%, and 42% for the x-ray spectra with FIG. 3 . Spatial dose distribution in a selected slice of the female voxel phantom Regina at height of the breast. The calculation is for the 60 kV spectrum shielded by tin ͑top͒, tin/bismuth ͑middle͒, and lead ͑bottom͒. The dose conversion coefficients ͑absorbed dose per air kerma free in air, in mGy Gy −1 ͒ in each voxel are represented by a color code, and they are given in relation to the primary, unattenuated spectrum. For the entrance skin the largest dose conversion coefficients are about 10, 15, and 30 mGy Gy −1 for lead, tin/bismuth, and tin shielding, respectively. tube voltages of 60, 75, and 120 kV, respectively. Generally, the differences in organ doses are much lower than the differences in air kerma. The reason is that the low-energy secondary radiation causing the dose enhancement does not penetrate into greater depths of the body. However, for superficial organs, like the skin and the glandular breast tissue, the dose differences are obvious. In view of the potentially high radiobiological effectiveness of low-energy photons, an increased hazard for cancer induction cannot be excluded.
On the other hand, the increases of the effective doses for tin or tin/bismuth shielding are still rather moderate, such that the doses may still easily meet the limits. In particular for that medical personnel, whose exposure is well below these limits, the protection can still be considered sufficient. In case the highest possible protection is sought, however, protective clothing made of lead appears to be the safer option at present. For existing lead-free aprons, it is advisable to use them only at tube voltages for which their lead equivalence values have been established, since for these radiation qualities the shielding deficiencies appear to be the smallest. Of course, this also holds for protective clothing for patients.
It has been shown that lead-free aprons, the lead equivalent values of which have been determined in the narrowbeam configuration, provide less protection than lead clothing. If the same degree of protection is wanted for all radiation qualities relevant in diagnostic radiology, greater thicknesses of the attenuating materials have to be used, obviously at the expense of an increased weight of the clothing. Nevertheless, even with a higher weight than currently, leadfree aprons might still be favorable if they show increased lifetimes and/or fewer ecological problems for disposal.
Nevertheless, it is a physical principle that the energies of the K ␣ and K ␤ emission lines are lower in materials with low Z. Thus, fluorescence radiation is inevitably created in low Z materials by primary photons in the energy range relevant to diagnostic radiology. It appears that only by combining layers of different materials this dilemma can be solved and a considerable weight reduction can be achieved. 
